Introduction 57
Background 58
Multiple studies in South East Asia have looked at the diversity of strains by MLST and 120 56kDa typing, and shown a high level of diversity, with many MLSTs unique to an individual 121 strain (Duong et al., 2013; Phetsouvanh et al., 2015; Sonthayanon et al., 2010; 122 Wongprompitak et al., 2015) . Work in Thailand and Laos has shown recombination between 123
MLSTs, as well as evidence for multiple infections in individual patients, implying that 124 multiple strains may co-exist in mites (Sonthayanon et al., 2010) . Comparisons of 56kDa 125 typing with MLST (Sonthayanon et al., 2010) and 47kDa (Jiang et al., 2013) Liao et al., 2017) in length, 138 suggesting that assemblies are either incomplete, or have problems caused by the 139 misassembly of repeats or the inclusion of contaminating sequences. 140 141 In this work, we have used Pacific Biosciences long-read sequencing to assemble six 142 complete genomes of Orientia tsutsgamushi strains representing a range of geographical 143 origins and serotypes. From this, we gain new insights into potential mechanisms underlying 144 the characteristic antigenic diversity of Orientia, which may contribute to its widespread 145 prevalence among humans. Finally, this expanded genomic perspective will contribute to 146 our understanding of the phylogeography and epidemiology of this species, as well as 147 contribute to more detailed studies of virulence mechanisms. All experiments were performed using O. tsutsugamushi grown in the mouse fibroblast cell 153 line L929. Uninfected L929 cells were grown in 25 cm 2 and 75 cm 2 plastic flasks at 37 o C and 154 5% CO 2 , using DMEM or RPMI 1640 (Thermo Fisher Scientific) media supplemented with 155 10% FBS (Sigma) as described previously (Giengkam et al 2015) . Infected L929 cells were 156 grown in the same way, but at 35 o C. Frozen stocks of bacteria were grown for 5 days, then 157 the bacterial content was calculated using qPCR against the bacterial gene TSA47 (Giengkam 158 et al., 2015) . Bacteria were isolated onto fresh L929 cells in 75 cm 2 flasks at an Multiplicity 159 of Infection of 10:1 and then grown for an additional 7 days. At this point bacteria were 160 isolated from host cells and prepared for DNA extraction. 161
162

DNA extraction 163
The supernatant was removed from infected flasks and replaced with 6-8 ml pre-warmed 164 media. Infected cells were harvested by mechanical scraping and then lysed using a bullet 165 blender (BBX24B, Bullet Blender Blue, Nextadvance USA) operated at power 8 for 1 min. 166
Host cell debris was removed by centrifugation at 300xg for 3 minutes, and the supernatant 167 was filtered through a 2.0 µm filter unit. 10 µl of 1.4 µg/µl DNase (Deoxyribonuclease I from  168 bovine pancreas, Merck, UK) was added per 1 ml of bacterial solution, then incubated at 169 room temperature for 30 minutes. This procedure removed excess host cell DNA. The 170 bacterial sample was then isolated by centrifugation at 14,000xg for 10 min at 4 o C, and 171 washed two times with 0.3M sucrose (Merck, UK 
Sequencing, Assembly, and Annotation 259
Eight genomes were assembled using the PacBio reads to perform initial genome assembly 260
and Illumina sequencing reads to polish the genomes and reduce errors. Six of the eight 261 genomes could be assembled into a single finished contig, while two genomes remain in 262 multiple contigs. In addition, two previously assembled references genomes, Orientia 263 tsutsugamushi str. Boryong and Orientia tsutsugamushi str. Ikeda, were incorporated into 264 our analysis. The genome size ranges from 1.93Mb to 2.47Mb, and the GC content for all 265 strains is consistent at 30-31%. We assessed the genomes to identify core genes shared 266 between all genomes, and look for repetitive regions and repeat genes in each strain. 267 Figure 1 plots the genetic elements of each complete genome. 268
The number of predicted genes in each strain ranges from 2086 (UT176) to 2709 (Gilliam) 269 and is highly correlated with genome size (Spearman's correlation coefficient 0.94, p < 270 2.2x10 -16 ). A function could not be assigned, by similarity to reported sequences, to 325-547 271 genes (16 to 22 % of the identified coding regions) in each strain.
Core genome analysis 273 274
The set of 8 complete, single-contig genomes was used to identify core genes (present in all 275 genomes) and accessory genes (present in a subset of genomes), using the criterion that all 276 members of a group of putative orthologues should be at least 80% identical (similar) to all 277 other members of the group. While the unfinished genomes do not appear to have lower 278 numbers of predicted genes, which might indicate the assembly is incomplete, for this 279 analysis the two strains which assembled as multiple contigs were excluded to avoid 280 excluding core genes which are missing from the unfinished assemblies. A total of 657 gene 281 groups were present in all 8 strains and therefore form a putative core genome, while 2812 282 gene groups were present in 2-7 of the 8 strains, and a further 4687 gene groups were 283 found in a single strain. The 657 core genes make up 28-35% of the genome of each strain 284 (Table S3 ). The number of core gene groups does not continue to decrease as more 285 genomes are added to the analysis, suggesting that the core genome of Orientia can be 286 defined with 8 representative genomes. In the initial analysis with Roary, the total number 287 of gene groups continues to grow, suggesting an open pan-genome, but observation of the 288 7499 accessory gene groups showed that of the 6050 groups where a function can be 289 assigned to one or more gene, there are only 122 distinct gene products, many of them 290 conjugal transfer proteins, transposases, DNA helicases, and other functions shared by 291 genes known to be part of the Orientia tsutsugamushi amplified genetic element identified 292 in the Ikeda strain (Nakayama et al., 2008) . Re-clustering these accessory genes but allowing 293 genes which are only a match to part of a gene sequence to cluster together to include 294 more truncated and fragmented copies of genes shows that the number of accessory gene 295 groups continues to increase, but at a slower rate ( Figure S1 ). The number of gene products 296 remains constant at 122 no matter how many strains are included in the analysis. This 297 suggests that the increase in non-core gene clusters is mainly due to further duplication and 298 truncation of existing genes, rather than by the import of novel genes. 299 300
Genome Synteny 301
With the completed genomes produced by long read sequencing, the synteny of the 302 genomes can be investigated. Previous work on the Boryong and Ikeda genomes showed 303 extensive genome shuffling between the two strains. Analysis of the order and grouping of 304 the core genes which are conserved in each genome shows that the genome has undergone 305 massive rearrangement, with the core genes found in core gene 'islands' with repeat 306 regions interspersed between these islands. The 657 core genes are present in 145-157 307 distinct islands, of which only 51 are conserved (defined as the same genes present in the 308 same order) in all genomes. Figure 3 shows the position and ordering of these conserved 309 core gene islands which are maintained in all samples relative to the position and ordering 310 in the Karp strain. The correlation between gene order in each pair of samples is shown in 311 Figure S2 . A value close to 0 shows low correlation in gene order, while values closer to 1 312
show higher correlation in gene order. As there are differences in the correlation of gene 313 order between strains, this suggests that the process of genome rearrangement is 314 happening in multiple steps and not as a single event. 315
316
The identities of genes present on conserved islands is shown in table S5. Conserved islands 317 range from 1-13 genes in size, with larger islands often containing genes linked by plausible 318 biological functions. For example, groups 3 and 6 include a number of cell division and 319 peptidoglycan biosynthesis genes (including mraY, murF, murE, pbp, ftsL, dnaJ and dnaK in 320 group 3 and murC, murB, ddl and ftsQ in group 6) and groups 31 and 32 include a number of 321 30S and 50S ribosomal proteins. Analysis of the number of conserved islands shared 322 between samples shows that the number of conserved islands continues to decrease as 323 more genomes are included ( Figure S3 ), and suggests that gene order and clustering is not 324 always constrained in Orientia tsutsugamushi. There is no difference seen in the size of the 325 islands between conserved and non-conserved islands ( Figure S4 ) (two-sample Smirnov test D=0.085, p-value=0.86), the nucleotide diversity between genes in the two 327 categories of islands ( Figure S5 ) (two-sample Kolmogorov-Smirnov test D=0.052, p-328 value=0.86), or the Clusters of Orthologous Groups (COG) categories assigned to genes in 329 the two island categories (Chi-squared test χ 2 = 15.03, p=0.82). 330 331
Repeats and pseudogenes 332
The genomes of Orientia tsutsugamushi are known to be highly repetitive, including a highly 333 amplified genetic element known as the Orientia tsutsugamushi amplified genetic element 334 (Otage), as well as other transposable elements.
Our results emphasise the large number of repeated genes and regions, including many 336 genes related to the Type IV secretion system. The total proportion of the genome which is 337 repetitive (see Methods for our definition of repetitive) differs markedly from 33% in UT176 338 to 51% in Gilliam (Table S3 ). In contrast, the extremely compact (and therefore non-339 repetitive) Rickettsia typhi genome is 0% repetitive by our measure and even, intriguingly, 340
the Rickettsia endosymbiont of Ixodes scapularis, known to encode multiple copies of the 341 same repetitive element found in Orientia (Gillespie et al., 2012) , is 20% repetitive in our 342 analysis, despite our methods giving more conservative figures than previously determined 343 for the Ikeda strain (Nakayama et al., 2008) . 344
We identified 530 groups of repeat genes containing 12043 genes present in multiple copies 345 in at least one strain, which we term "core repeats". Of the 530 groups, 427 represent genes 346 found in multiple strains, which 103 are found only in a single strain. Despite clustering in 347 530 groups, the genes have only 66 different functional products, as is expected from the 348 earlier results looking at all the non-core genes. The repeat genes are mainly transposase 349 and conjugal transfer genes, similar to those previously reported in the Otage (Table S6) , 350 and cluster into genetic elements which are interspersed between the core genes. Many of 351 these genes are present in high copy number, with all strains carrying over 200 transposases 352 and 300 conjugal transfer genes and gene fragments. These core repeat elements occupy 353 35-47% of the Orientia tsutsugamushi genome and represent 57-67% of the genes in these 354 genomes (Table S4 ). 355
356
Orientia tsutsugamushi genes are known to exhibit high levels of pseudogenisation and 357 gene decay. We searched for pseudogenes in each genome, and identified up to 484 358 pseudogenes per strain (Table S7 ). This is lower than previously reported in Ikeda, but due 359 to methodological differences the figures cannot be directly compared. We also assessed 360 whether the pseudogene had been caused by truncation at the 5' or 3' end of the 361 sequencing, or by frameshift. 362 363 Phylogenetics 364
A phylogenetic tree was constructed using the core genes from each strain. This can be 365 compared to trees built using the 56kDa ( Figure 4 ) and 47kDa ( Figure S6 ) genes, which are 366 often used for phylogenetic analysis of Orientia tsutsugamushi, or to trees built using the strains, either from phylogenetics or serology. Compared to the 56kDa tree, the core gene 369 tree suggests the Kato and Ikeda strains are more closely related to the Karp, UT176, and 370 UT76 strains than the TA686 and Gilliam strains (Figure 4 ). Robinson-Foulds distances 371 between trees are shown in Table S8 ; for this small number of strains, the distance is lowest 372 between the 47kDa tree and the core genome tree. 373 374 Discussion 375
We present the first large-scale study of Orientia tsutsugamushi, a bacterium which is 376 important both for the study of human disease and for its unique insights into genome 377 evolution. 378
Previous studies of Orientia tsutsugamushi genomes have used BAC cloning and Sanger 379 sequencing to produce complete genomes (Cho et al., 2007; Nakayama et al., 2008) , or have 380 used next-generation sequencing strategies which have produced only incomplete and 381 fragmented genomes (Liao et al., 2017) . We demonstrate that a combination of PacBio and 382
Illumina sequencing is sufficient to produce a single-contig genome, allowing us to study the 383 gene content and synteny of this organism. For the two genomes which could not be 384 assembled into single contigs in our study (FPW1038 and TA763), we found that the 385 sequencing produced fewer reads at the high end of the length distribution. This suggests 386 that given the highly repetitive nature of the Orientia tsutsugamushi genome, the DNA 387 preparation and sequencing methods must be carefully chosen to produce very long reads 388 in order to produce complete assemblies. We used Illumina sequencing to correct errors in 389 our genomes, which was vital to reduce the number of homopolymer errors, which could 390 otherwise suggest frameshift errors and affect gene annotation. While the fewest errors we 391 corrected in a strain was two, this is likely an underestimate as errors in repetitive regions 392
where Illumina reads cannot map are impossible to correct. While our analysis shows small 393 differences when quantifying the extent of the repeat regions and repeat gene families in 394
Orientia compared to previous work, a direct comparison is difficult due to differences in 395 methodology between analyses. 396
Owing to the difficulties of producing complete genomes, most previous work has relied on 397 single gene or MLST studies to investigate the genetic diversity of Orientia tsutsugamushi. 398
We demonstrate that phylogenies generated from limited data are substantially different 399 from those produced from the whole core genome. The common practice of grouping 400
Orientia strains into 'Karp-like' or 'Gilliam-like' groups based on the genotype of the 56kDa 401 antigen may not give an accurate view of the relatedness of these strains, especially when 402 recombination is taken into account, although this may still be important when considering 403 immune response. 404
Previous work has demonstrated limited synteny between the two reference strains of 405
Orientia tsutsugamushi, but we extend this to demonstrate that there is minimal synteny 406 between any known Orientia tsutsugamushi genome. The pattern of core gene islands 407 separated by transposable elements and repeats suggests a repeat-mediated system of 408 chromosome rearrangement. It is unclear whether this is a gradual process of genome 409 rearrangement, or whether the genome is being broken apart and rearranged rapidly, 410 similar to chromothripsis or the chromosome repair of Deinoccocus radiodurans after 411 exposure to ionizing radiation. In Deinococcus, it is thought that RecFOR pathway is 412 particularly important for DNA repair, and it has no homologues to RecB or RecC (Cox et al., 413 2010 We report a core genome of only 657 genes, compared to the 519 previously reported as 419 the core genome shared between Orientia and five other sequenced Rickettsia, despite 420 using a relatively low sequence identity threshold to determine gene clusters. Differences in 421 methodology may lead to the reporting of different core gene sets, but more interesting is 422 the pattern of core genome islands separated by amplified repeat regions, and the lack of 423 conservation in the ordering and clustering of the core genes. 424
All of the Orientia genomes show high repetitiveness, which we measured as both non-425 unique regions of the genome, and genes which are present in multiple copies (some of 426 which may be truncated). The genomes of intracellular bacteria tend towards genome 427 reduction and gene loss (Darby et al., 2007; Merhej and Raoult, 2011 ), but maintain 428 degraded genes and accumulate non-coding DNA. The transition to intracellularity has been 429 hypothesized to lead to the relaxation of selective pressure on the genome (Moran, 1996), 430 with an increased rate of sequence evolution. The expansion of the Otage (and other mobile 431 elements) throughout the Orientia lineage appears to be another consequence of relaxed 432 selection on Orientia in its intracellular niche, again leading to accelerated sequence 433 evolution of the genome through rearrangement and gene loss. This is supported by the 434 finding that the diversity of gene repertoire between strains of Orientia tsutsugamushi is 435 largely due to the duplication and truncation of existing genes, and we find no evidence for 436 the acquisition of new genetic material via horizontal transfer . The amplication of a 437 transposable element has been seen in Rickettsial (Gillespie et al., 2012) and non-Rickettsial 438 (Wiens et al., 2008) species, but it is not known whether this is associated with 439 rearrangement of the genome in other species. 440
In conclusion, we report the generation of six complete and a further two draft genomes 441 from a diverse set of strains of the important but neglected human pathogen Orientia 442 tsutsugamushi. This set includes the major reference strains Karp, Kato and Gilliam, and will 443 serve as a valuable resource for scientists and clinicians studying this pathogen, in particular 444 supporting future work on Orientia genomics, vaccine development, and cell biology. The 445 new genomes reported here confirm the status of Orientia as one of the most fragmented 446 and highly repeated bacterial genomes known, and exciting questions remain regarding the 447 mechanisms and timeframes driving the evolution of these extraordinary genomes. 448 Dittrich, S., Rattanavong, S., Lee, S.J., Panyanivong, P., Craig, S.B., Tulsiani, S.M., Blacksell, 497 S.D., Dance, D.A.B., Dubot-Pérès, A., Sengduangphachanh, A., et al. (2015) . Orientia, 498 rickettsia, and leptospira pathogens as causes of CNS infections in Laos: a prospective study. 499
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